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Abstract This study investigated the thermophysiological 
responses of healthy subjects that sat on the plywood cover¬ 
ing of the ONDOL floor heating system. Environmental 
chambers were constructed for this study, wherein ambient 
temperature, and wall and ceiling surface temperature were 
controlled at 24°C, and relative humidity was 50%. The 
temperature of supply water (t sw ) flowing into the floor coil 
was altered from 15°C to 40°C at 5°C intervals. The floor 
covering materials used in this experiment were mortar and 
three types of plywood with thicknesses of 2.7, 7.5, and 
12 mm. The floor surface temperatures (f f ) and the skin 
temperatures of eight subjects were measured while they 
were sitting on the floor. Buttock temperature, in particular, 
was monitored. This experiment yielded the following re¬ 
sults: (1) t f was 17.0°-35.2°C on mortar finishing and 19.1°- 
30.2°C on 12-mm plywood covering; (2) the buttocks skin 
temperature increased with t sw higher than 30°C on mortar 
finishing and for t sw higher than 30°, 25°, and 20° on 2.7-, 
7.5-, and 12-mm plywood finishing, respectively; (3) the 
differences of buttock temperature when t sw was varied be¬ 
tween 15° and 40°C were 11.4°C on mortar, 7.9°C on 2.7- 
mm plywood, 6.5°C on 7.5-mm plywood, and 5.0°C on 
12-mm plywood; (4) using regression analysis, the neutral 
point temperature of buttocks was determined to be 32.8°C. 

Key words Skin temperature • Floor covering ■ ONDOL ■ 
Thermal comfort 


G.-S. Song (H) 

Department of Architecture, Bucheon College, 424 Simcock-Dong 
Wonmi-Gu Bucheon-Si Geongki-Do 421-735, South Korea 
Tel. +82-32-610-3306; Fax +82-32-610-3223 
e-mail: songsup@bc.ac.kr 


Part of this report was presented at the 53rd Annual Meeting of the 
Japan Wood Research Society, Fukuoka, Japan, March 2003 


Introduction 

Because most Koreans sit or lie on the floor of their residen¬ 
tial buildings, their buttocks are in contact with floor finish¬ 
ing materials. These materials affect the level of thermal 
comfort of the residents. A number of studies have been 
performed on how human skin responds when it comes into 
contact with cold and hot materials. Chen, 1 and Lawrence 
and Bull 2 investigated the reaction of human skin when 
lingers touched metal cubes and gripped vertical bars 
(wood, nylon, stone, steel, and aluminum materials). 
Wang 3-4 examined the thermal sensation of the feet and 
palms that come into contact with decorative interior mate¬ 
rials. Banhidr introduced the works which investigated the 
changes in sole temperature using an artificial leg. He con¬ 
cluded that the smaller the contact coefficient (heat pen¬ 
etration coefficient) of the floor, the more favorable it is for 
the sole. Therefore, a smaller contact coefficient means a 
higher level of thermal comfort. Olesen 6 proposed that the 
temperature for a wooden floor should be between 23° and 
28°C and between 26° and 28.5°C for a concrete floor. 
Fanger 7 compared the contact coefficient of floor materials 
to evaluate the characteristics of a suitable floor material 
that comes into contact with bare feet. He suggested the 
following comfortable temperature ranges: 29°-32°C for 
steel, 27°-34°C for concrete, 17°-39°C for pine, and 5°- 
42°C for cork. Song 8 compared comfortable temperature 
ranges among various finishing materials that come into 
contact with buttocks (mortar, lauan wood, clay, pine wood, 
steel panel, and urethane board). He concluded that 
wooden flooring has a wider comfortable temperature 
range than other flooring materials. 

These previous studies revealed that wood- and cork- 
linished floorings have wide comfortable temperature 
ranges. In South Korea, the covering material of the 
ONDOL floor heating system has been changed from floor 
paper to a wood covering in recent years. If the wood cov¬ 
ering is very thin, its characteristics will be similar to that of 
a mortar-finished covering. However, the effect of floor 
thickness is unknown. This study was therefore performed 
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to determine the physiological response of the human body 
on wooden floors of varied thickness. 


Experimental 

Environmental chamber and floor construction 

Two environmental chambers were constructed next to 
each other for this study. Each chamber had the same size: 
2.4(width) X 2.4(depth) X 2.3m(height). Figure 1 shows the 
floor plan of these chambers. The first was called the pre¬ 
liminary chamber, where subjects stayed to keep their body 
temperatures in a stable condition. The other was the main 
experimental chamber, where ambient temperature and 



relative humidity were controlled. The ceiling of the experi¬ 
mental chamber was fitted with an air handling unit (AHU) 
with a cooling coil, reheating coil, and humidifier. The radi¬ 
ant temperatures of the ceiling and wall were controlled 
with 15-mm diameter copper pipe spaced at 150 mm on the 
wall and ceiling and was covered with 1.5-mm thick steel 
panel. 

The floor system consisted of the insulation layer, ther¬ 
mal storage layer, and covering layer. The covering materi¬ 
als used in this experiment were mortar and three types of 
plywood with thicknesses of 2.7, 7.5, and 12 mm. The heat 
conductivity of the plywood used in this experiment was 
0.14W/m-K, the specific heat was 920J/m 3 -K, and the den¬ 
sity was 530kg/m 3 . To control floor temperature, a 15-mm 
diameter copper pipe was installed at 50-mm spacing in 50- 
mm thick mortar. Figure 2 illustrates the floor construction. 

A 3-way control valve (VMP43.14), actuator (SSB61), 
and PID controller (RWX62.7032 and RWC62) were in¬ 
stalled to automatically control temperature and humidity. 
These devices were produced by Simense (Germany). 


Subjects 

Eight physically healthy college students participated in this 
experiment (four men and four women). After explaining 
the process to them, they all agreed and conformed to the 
procedure. Table 1 shows the particulars of each subject. 
They were asked to change into training shirts and trousers, 
keeping their undergarments. Socks were not worn because 
most Koreans do not wear them at home. The “clo” value 
was calculated as 0.45 and this value corresponds to light 
clothes. 
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Fig. 1. Plan of experimental chamber 


Fig. 2. Section drawing of floor construction 


Table 1. Particulars of each subject 


Subject 

Sex 

Age (years) 

Height (cm) 

Weight (kg) 

A d (m 2 ) 

(A) JMS 

Male 

19 

174 

67 

1.802 

(B) KJH 

Male 

19 

168 

60 

1.677 

(C) LDK 

Male 

30 

169 

60 

1.684 

(D) LKS 

Male 

19 

172 

57 

1.669 

(E) SYJ 

Female 

21 

163 

55 

1.581 

(F) CGS 

Female 

19 

168 

66 

1.746 

(G) CMH 

Female 

24 

174 

63 

1.756 

(H) KHS 

Female 

22 

172 

58 

1.681 

Mean 


21.6 (±1.36) 

170.0 (±1.32) 

60.7 (±1.51) 

1.700 (±0.02) 


Standard error shown in parentheses 

T d , Nude body surface area by Dubois equation 
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Table 2. Water temperatures used and dates of tests (2002) 


fsw 

Mortar 

2.7-mm 

plywood 

7.5-mm 

plywood 

12-mm 

plywood 

15°C 

Oct. 22 

Nov. 09 

Dec. 15 

Dec. 23 

20° C 

Oct. 25 

Nov. 28 

Dec. 14 

Dec. 22 

25°C 

Oct. 28 

Nov. 23 

Dec. 13 

Dec. 21 

30°C 

Oct. 30 

Nov. 21 

Dec. 06 

Dec. 20 

35°C 

Nov. 04 

Nov. 15 

Dec. 04 

Dec. 19 

40° C 

Nov. 09 

Nov. 11 

Dec. 02 

Dec. 17 


4 W , Temperature of supply water 


Measuring environments 

A thermo neutral temperature of 24°C was maintained in 
the preliminary chamber. The main experimental chamber 
was controlled at 24°C (the ambient and surface tempera¬ 
ture of wall and ceiling), 50% relative humidity, and 0.2m/ 
s air velocity. The temperature of the supply water (f sw ) 
flowing into the floor coil was adjusted from 15° to 40°C at 
5°C intervals. 

Experimental procedure 

Tests were performed at the laboratory of Bucheon College 
from October 22 to December 23, 2002. Table 2 shows the 
dates when temperatures were taken. When the experiment 
started, participants were asked to enter the preliminary 
chamber one by one, change into training shirts and trou¬ 
sers, and attach the probes of a skin thermometer with 
medical tape to eight points on the body: forehead, 
abdomen, forearm, thigh, calf, instep, back of hand, and 
buttocks. They sat for 20 min on a chair with openings that 
allowed air to flow freely. After 20 min, they were moved to 
the main chamber. They were instructed to sit on the floor 
and were required to keep their buttocks close to the sur¬ 
face material. Slight movement of legs was allowed when 
the legs began to feel numb. Subjects were given a book to 
read while they participated in the experiments. 

Inside the preliminary chamber, skin temperatures of 
eight body points were measured for 20min at 30-s intervals 
using a precision thermometer (Gram, Model: LT-8). In the 
main chamber, skin temperatures were measured for 
50 min, also at 30-s intervals. After every 10 min, each par¬ 
ticipant was asked to rate the thermal sensation they felt on 
a scale of 0 to 8 (0: very cold, 1: cold, 2: cool, 3: slightly cool, 
4: neutral, 5: slightly warm, 6: warm, 7: hot, 8: very hot). 

Mean skin temperature was calculated by modifying the 
original 7-point method. In this experiment, the buttock 
temperatures were measured as they came into contact 
with the floor surface area. Subtracting the buttock contact 
factor from the original thigh factor gives the thigh surface 
factor. Korean and Japanese researchers studied the 
contact surface area and suggested the following weighing 
factors: 3.39%, 2.19%, 2.71%, and 2.45% 9 ’ 10 in Japan, 
and 3.37% u in Korea. The result of the study conducted 
by Yoon 11 was adopted in this research because it in¬ 
vestigated the traditional sedentary posture of Koreans. 


Table 3. Mean globe temperature (°C) of experimental chamber 


f sw Mortar 2.7-mm 7.5-mm 12-mm 

plywood plywood plywood 


15°C 

23.1 (± 

: 0.004) 

22.9 ( 

±0.003) 

23.0 ( 

±0.001) 

23.3 ( 

±0.002) 

20°C 

23.1 (± 

: 0.007) 

23.3 (: 

±0.011) 

23.4 ( 

±0.002) 

23.5 ( 

±0.003) 

25°C 

23.5 (± 

: 0.002) 

24.0 ( 

±0.004) 

23.8 ( 

±0.003) 

23.6 ( 

±0.001) 

30°C 

23.9 (± 

:0.003) 

24.1 (: 

±0.004) 

23.9 ( 

±0.001) 

23.8 ( 

±0.001) 

35°C 

23.8 (± 

:0.003) 

23.8 ( 

±0.01) 

23.9 ( 

±0.004) 

23.9 ( 

±0.006) 

40°C 

24.2 (± 

:0.002) 

23.7 ( 

±0.007) 

23.9 (: 

±0.011) 

23.7 ( 

±0.009) 


Table 4. Mean floor surface temperature (°C) 


f sw Mortar 2.7-mm 7.5-mm 12-mm 

plywood plywood plywood 


15°C 

17.0 (± 

:0.001) 

18.2 (: 

±0.002) 

19.5 ( 

±0.0008) 

19.1 ( 

±0.002) 

20°C 

20.8 (± 

0.0007) 

21.2 ( 

±0.004) 

21.8 ( 

±0.0009) 

21.3 ( 

±0.004) 

25°C 

24.5 (± 

0.0009) 

24.2 ( 

±0.003) 

24.1 ( 

±0.001) 

23.5 ( 

±0.003) 

30°C 

28.2 (± 

:0.002) 

26.8 ( 

±0.002) 

26.4 ( 

±0.002) 

26.0 ( 

±0.001) 

35°C 

31.8 (± 

:0.0005) 

29.3 (: 

±0.005) 

28.3 ( 

±0.01) 

28.1 ( 

±0.003) 

40°C 

35.2 (± 

: 0.002) 

32.0 (: 

±0.004) 

30.9 ( 

±0.006) 

30.2 ( 

±0.001) 


Equation 1 shows the modified mean skin temperature 
calculation: 

4k = 0-0 It forehead + 0-35 1 a domen + 0.14 tf orearm + §.\56t lhigh ^ 
T 0.13 t ca if T 0.07t inslep T 005t backofhand T 0.034t^ uttoc ^, 

The floor surface temperatures were measured at four 
points for each floor covering material. Globe temperature 
(150-mm diameter globe and thermocouple), ambient 
temperature (thermocouple array, distanced vertically at 
30cm), relative humidity (Kanomax, THT-N200 probe and 
RHD330 transducer), and air velocity (Kanomax, 2515 
probe and Model 6312 air flow transducer) were measured 
during the experiment. A data logger (Eco, SOLAC-V 30 
channel) was used to record these data. 


Results and discussion 

Environments 

During the experiment, the globe temperatures of the envi¬ 
ronmental chamber were recorded in the range of 22.9°- 
23.9°C in spite of different floor surface temperatures 
as shown in Table 3. The mean air velocity was 0.2m/s 
(±0.1 m/s), and relative humidity was 48% (±5%). 

Floor surface temperature 

Although the temperature of the supply water (t sw ) 
remained constant, the surface temperatures (t f ) were 
different as shown in Table 4. On the mortar finishing, 
temperature ranged from 17.0°C to 35.2°C, while on 12-mm 
plywood covering, it ranged from 19.1°C to 30.2°C. There¬ 
fore, the t f of mortar-finished floor responded more sensi- 
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Table 5. Final mean skin temperature (°C) 


Kw 

Mortar 

2.7-mm 

plywood 

7.5-mm 

plywood 

12-mm 

plywood 

15°C 

32.4 (-0.5) 

33.5 (-0.7) 

33.0 (-0.5) 

33.3 (-0.63) 

20°C 

33.5 (-0.7) 

33.2 (-0.9) 

33.1 (—0.7) 

33.3 (-0.42) 

25°C 

33.1 (-0.6) 

33.7 (-0.4) 

33.6 (—0.2) 

33.5 (-0.08) 

30°C 

33.5 (-0.5) 

33.5 (—0.3) 

33.9 (—0.3) 

33.7 (-0.002) 

35°C 

33.5 (-0.3) 

33.6 (-0.3) 

33.9 (—0.24) 

33.8 (—0.012) 

40°C 

33.8 (-0.3) 

33.8 (-0.6) 

33.8 (-0.27) 

33.8 (+0.28) 


Values in parentheses are the difference between initial and final 
temperature 


tively than 12-mm plywood covering. Such reaction seems 
to be due to the thermal resistance of plywood. Below t„ 
20° C, the thicker plywood had a higher surface tempera¬ 
ture. However, above t sw 25°C, the reverse became true. 
Hence, the thicker the plywood is, the lower the surface 
temperature. When the plywood covering was thick, the 
surface temperature was more affected by the indoor air 
temperature than f sw . Because the floor surface is in contact 
with human buttocks in a sedentary posture, it affects ther¬ 
mal physiology and energy consumption as people try to 
attain a comfortable environment. 

Mean skin temperature 

Table 5 shows the final mean skin temperatures (t sk ) of the 
whole body. Modera 12 suggested that comfortable mean 
skin temperature is 34.1°C with 50kcal/hm 2 (58W/m 2 ) me¬ 
tabolism and is 31.4°C (men) and 30.2°C (women) with 
150kcal/hm 2 (174W/m 2 ) metabolism. In this experiment, 
mean skin temperature was in the range of 32.4°-33.8°C, 
and shows that the subjects were in a comfortable state. 
Because the surface area of the buttocks is about 2.19%- 
3.37% of the whole body surface, indoor air temperature 
affects mean skin temperature more than floor surface 
temperature. Because this experiment focused on surface 
responses of the buttocks, it was necessary that the whole 
body be in a comfortable state. 

Buttock temperature changes 

The changes in buttock temperature are illustrated in Fig. 3. 
The plotted temperature value was derived from the aver¬ 
age of eight subjects. On the mortar-finished floor and after 
cold water (t sw 15°C) was supplied to the floor coil, the mean 
surface temperature (f £ ) reached 17.0°C and buttock tem¬ 
perature declined sharply. This means that the buttocks lost 
significant heat to the mortar. However, when warm water 
(f sw 40°C) was supplied to the floor coil, the buttock tem¬ 
perature increased to 37.2°C. 

A 2.7-mm plywood covering supplied with t sw 15°C gave 
a t t of 18.2°C and a buttock temperature of 28.5°C. This was 
1.2°C and 3.9°C higher, respectively, than that for mortar 
finishing. At t sw 40°C, however, the t t and buttock tempera¬ 
ture were 3.2°C and 0.8°C lower, respectively, than that for 
mortar finishing. 






Fig. 3. Changes of buttock temperature 
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Table 6. Final buttock temperature (°C) 


fsw 

Mortar 

2.7-mm 

plywood 

7.5-mm 

plywood 

12-mm 

plywood 

15°C 

24.6 (-8.9) 

28.5 (-5.1) 

30.0 (-2.8) 

30.9 (-2.0) 

20° C 

28.2 (-5.2) 

29.9 (-3.3) 

31.1 (—1.7) 

32.1 (-1.0) 

25°C 

30.4 (—2.6) 

32.1 (-1.1) 

32.8 (-0.1) 

33.1 (+0.1) 

30°C 

32.9 (+0.1) 

33.6 (+0.5) 

34.2 (+0.9) 

34.2 (+1.3) 

35°C 

35.1 ( + 1.6) 

35.1 ( + 1.9) 

35.3 (+2.1) 

35.4 (+2.5) 

40° C 

37.2 (+3.8) 

36.4 (+2.9) 

36.6 (+3.4) 

35.9 (+2.9) 


Values in parentheses are the difference between initial and final 
temperature 


At 4 W 15°C, a 7.5-mm plywood covering gave a mean 
surface temperature of 19.5°C and buttock temperature of 
30.0°C. When water was supplied at f sw 25°C, the t t increased 
to 24.1°C, and the buttock temperature also rose. 

For 12-mm plywood covering, the temperature differ¬ 
ence for buttocks between t sw 15°C and t sw 40°C was 5.0°C. 
This type of plywood yielded the narrowest difference com¬ 
pared with the three others. 

Buttock temperatures rose for t sw values higher than 
30°C in mortar and for f sw values above 30°, 25°, and 20°C 
for 2.7-mm, 7.5-mm, and 12-mm plywood finishing, respec¬ 
tively. The final buttock temperatures after the 50-min ex¬ 
periment are presented in Table 6. The differences in the 
buttock temperature for variation in t sw between 15° and 
40°C were 12.6°, 7.9°, 6.6°, and 5.0°C on mortar, and 2.7- 
mm, 7.5-mm, and 12-mm plywood finishing, respectively. 

This study focused on buttock responses. Compared with 
the works of Fanger 5 and Olesen 6 , the skin temperature 
changes of the sole were similar to those of the buttocks. 
Under an extreme cold or hot conditions, the thicker the 
wood finishing is, the less damage there can be because heat 
loss or heat gain of the human body decreases. 


Subjective thermal sensation and comfort 



(1) On Mortar Finishing, Thermal Sensation Vote 



(2) On 2.7mm Plywood Covering, Thermal Sensation Vote 



(3) On 7.5mm Plywood Covering, Thermal Sensation Vote 


Figure 4 shows the changes in subjective thermal sensation 
on the buttocks using a 9-point rating scale that ranged from 
0 (very cold) to 8 (very hot). In the case of f sw 15°C on 
mortar finishing, participants agreed that the thermal sensa¬ 
tion of the buttocks was cold; at t sw 40°C, it was regarded as 
warm. On 2.7- and 7.5-mm plywood covering, it was rated 
cool to slightly warm. On 12-mm plywood, it was considered 
slightly cool to slightly warm. Compared with mortar 
finishing at f sw 15°C, t, changed from 17.0° to 19.1°C and the 
thermal sensation changed from cold to slightly cool. 

The patterns of thermal sensation changes were similar 
to the buttock temperature changes, because human skin 
perceives thermal sensation. Although many researchers 
have suggested the comfortable surface temperature for 
various finishing materials, the skin temperature of the 
human body is one of the most reliable indices of thermal 
sensation. 

Regression analysis was performed to obtain an equa¬ 
tion that can calculate the thermal comfort index of but¬ 
tocks. Equations obtained in the regression analysis are as 
follows: 



(4) On 12mm Plywood Covering, Thermal Sensation Vote 
Fig. 4. Changes of subjective thermal sensation vote on buttocks 
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y = 0.351x — 7.516 (f? 2 = 0.637) (for men and women) 

( 2 ) 

where y is the thermal sensation and x is the buttock skin 


temperature. 



y = 0.309jc - 6.174 

(. R 1 = 0.539) (for men) 

(3) 

y = 0.386x - 8.643 

( R 2 = 0.671) (for women) 

(4) 


The neutral point temperature of buttocks was determined 
to be 32.8°C for men and women, and 32.8°C for men 
and 32.9°C for women. There was no significant difference 
between men and women. 


Conclusions 

This study investigated the skin response of the buttocks 
and the floor surface temperature of plywood flooring, of 
varied thickness, over the ONDOL heating system. Al¬ 
though the temperature of the supply water was the same, 
the floor surface temperature and skin temperature of but¬ 
tocks varied depending on the thickness of the covering 
material. The thicker the plywood covering, the narrower 
the temperature fluctuations for floor surface and buttock 
skin were. The human body should be comfortable as a 
whole. If one part is not thermophysiologically at ease, a 
heating or cooling system should be procured for that part. 
At sedentary posture, ambient air as well as the floor 
surface temperature influence thermal comfort. Because a 
comfortable temperature range is different depending on 
the finishing material and its thickness, this should be taken 
into consideration in the design of a floor-heating system. 
During mild seasons such as spring and autumn, the heating 
system should be used on floors with mortar finishing. If it is 
finished with wood, however, heating is not required. 
Therefore, buttock temperature is a reliable index to evalu¬ 
ate the thermal comfort of a person at sedentary posture. 


As such, it should be taken into consideration in floor 
system design. 
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